To a surface scientist, quasicrystals are quite unusual because of several factors, the first of which is their structure. Quasicrystals are not three-dimensionally periodic, but they can be very well ordered.
1-4 The mathematical rules that are thought to dictate the atomic positions are simply rules other than the three-dimensional periodicity we know so well. Diffraction is a predictable consequence of these rules, and the high degree of translational order attainable in the quasicrystals has been demonstrated experimentally by extremely narrow diffraction linewidths, as well as the Boorman effect. 5 However, the exact atomic structure is an issue of active discussion within the quasicrystalline community, even for those concerned with bulk structure. The discussion extends, naturally, to those concerned with surface structure.
Even the semantics of quasicrystals are unsettled. In principle, they could be referred to simply as "crystals" because the International Union of Crystallography has recently broadened the definition of that word to "any solid having an essentially discrete diffraction diagram." 6 Furthermore, quasicrystals are periodic if one goes to six (or higher) dimensional space, so it can be argued that they even satisfy older definitions of "crystal" that invoke periodicity. However, for now, the term "quasicrystal" seems to serve a useful function in distinguishing these materials from their more well-understood counterparts. The practical distinction is that quasicrystals exhibit symmetry elements, most commonly a 5-fold rotational axis that cannot be accommodated in the 230 space groups. To maintain this distinction, we replace "single-crystal" with "single-grain" in describing the large and perfect samples that are desirable for most surface studies. Then "single grain" is defined, more specifically, as a sample in which the rotational axes are common (i.e., a structure that shares a coherent orientation).
A second unusual feature of quasicrystals has a more practical nature; that is, large (>2 mm), high-quality, single-grain samples of quasicrystals are difficult to obtain and to maintain for several reasons. Quasicrystals are alloys and usually are aluminum (Al) rich. The thermodynamically stable quasicrystals (which are far outnumbered by the purely metastable ones), are known not to melt congruently, and the compositional differences between the solid and liquid phases can be large. These factors can make it difficult or even impossible to grow these materials in the large, single-grain form that is most desirable for surface studies. (Phase purity is also a significant issue.) When the obstacle of sample growth can be overcome, maintenance becomes an issue. The multielement nature of quasicrystals introduces potential complications, such as surface segregation. Furthermore, standard surface cleaning procedures (sputtering, annealing, oxidation) can move the surface and near-surface composition out of the field of quasicrystalline stability (which spans only a few atomic percent), leading potentially to surface (and even bulk) transformations. 7-10 In short, the characterization and treatment of these samples with the techniques typical of surface science are nontrivial tasks. Our group has devoted considerable time and effort to learning these tasks, 11-13 but we continue to discover new phenomena that underscore the complexity of the topic.
As an example of the controversy that can arise regarding surface preparation, Figure 1 shows scanning tunneling microscopy (STM) images of clean, five-fold surfaces of i-Al-Pd-Mn obtained by two different groups, both working in ultrahigh vacuum (UHV).
14-17 In Figure   (1 1A, the surface was prepared by sputter-annealing, and its structure can be interpreted in terms of the standard terrace-step-kink model of crystalline surfaces. In the other case, the rather rough topography (with a maximum corrugation of 10 Å) was obtained by cleavage in UHV. Both images have been interpreted in terms of fundamental concepts of bulk quasicrystalline structure. The differences between these images have engendered a critical discussion, which is not yet resolved, over what is the most appropriate way to prepare a quasicrystalline surface.
The final element of strangeness about quasicrystals is that many of their mechanical-physical properties are quite unusual by the standards of common metals. Some of these properties are surface related and some are of interest to the commercial sector. This intriguing element provides the main motivation for surface scientists to try to study these materials at present, in spite of the difficulties just outlined. There is great potential for 16 The figure at the left shows the terrace-step-kink morphology. The panel at the right shows the fine structure present on the terraces, with 5-fold features highlighted by circles. A 4 Å step cuts across the upper middle of the right-hand image. The gray scale is adjusted so the two terraces are of about equal darknes, to allow the fine structure on both to be evident. Reprinted with permission from Springer-Verlag, 1995. (b) Scanning tunneling micrographs (at two different magnifications) of an i-Al-Pd-Mn surface, prepared by cleavage along a five-fold plane at room temperature. 17 Reprinted with permission from the American Institute of Physics, 1996. surface science to make a significant contribution in this area. The remainder of this article summarizes some of these properties, and the efforts of our group and others to understand them.
Some of the physical-mechanical properties of quasicrystals, relative to selected benchmark materials, are shown in Table 1 . Two ternary quasicrystalline materials were chosen for Table 1; they are icosahedral (i-)-Al-PdMn and i-Al-Cu-Fe. The latter alloy is of some commercial interest because it is an equilibrium phase with inexpensive components. The values of Vickers' hardness, H v , [18] [19] [20] [21] [22] in Table 1 demonstrate that this quasicrystal is harder than any of its individual components and comparable in hardness to silica. Because sand is a common environmental abrasive, it is an important standard of comparison. The quasicrystal also exhibits a low coefficient of friction and is reputed to be relatively unreactive ("non-stick"). [23] [24] [25] These properties, combined with the hardness, lead naturally to speculation that quasicrystals may be useful as low-friction or release coatings in industrial settings where abrasion resistance is also important. However, to date, such an application has not reached the marketplace.
The results in Table 1 also illustrate other properties, including brittleness, elasticity, conductivity, and surface energy. The quasicrystal is quite brittle, illustrated by the low value of fracture toughness, which is a drawback for most applications. [20] [21] [22] 26, 27 Its elasticity, judged by Young's modulus, is comparable to that of typical metals. 20, 22, 28 Although metallic, quasicrystals are poor thermal and electrical conductors, which may be put to good use in thermal barrier applications. Quasicrystals also exhibit a rather low surface energy, which is much lower than that of a typical clean metal and significantly lower than that of an oxidized metal (alumina).
25,29
Finally, although not shown in Table 1 , qualitative observations suggest that the quasicrystals are resistant to oxidation. These and other properties related to potential applications have been reviewed thoroughly by Dubois and co-workers. 20, 25, [30] [31] [32] [33] Note that other potential applications also exist (e.g., as sensors, as components of maraging steels, or as hydrogen storage materials), for which alloys other than i-Al-Cu-Fe may be best suited.
The issue that is perhaps most germane to our community is the low surface energy of the quasicrystalline materials, as illustrated at the bottom of Table 1 . It has been speculated that this property is related to the low coefficients of friction and oxidation resistance of quasicrystals. 34, 35 Rivier 34 has proposed that this low surface energy is (at least in part) a consequence of the pecular electronic structure of the bulk, which is characterized by a "pseudogap" (a reduction) in the density of states at the Fermi level, E F . The presence of a pseudogap has been demonstrated, for example, by the work of Belin-Ferré, 36 which is illustrated in Figure 2 . In chemists' terms, this pseudogap is due partly to Hume-Rothery stabilization, which is analogous to a Jahn-Teller distortion at E F . In spite of the pseudogap, the quasicrystals are metals, not insulators (although there is some controversy over this statement). 37 The pseudogap is now known to be a universal characteristic of quasicrystals, although it is by no means unique to the quasicrystals, 38 At present, it is not known whether and under what conditions the pseudogap may persist in the surface and near-surface regions. Although it has been argued on symmetry grounds that the pseudogap must be present at the surface of any quasicrystal (assuming that the surface structure is bulk terminated), 34 theoretical 43 and experimental 44, 45 evidence seems inconclusive. The exact implications of the pseudogap for surface propertiessand whether it can explain all the anomalous surface phenomena, relating them in a coherent fashionsare issues of current exploration. In general, however, one might expect that those properties of a metal that depend on its surface polarizability (i.e., its surface dielectric constants) will be suppressed in the quasicrystals because of the pseudogap. In fact, Dubois and co-workers 35 have demonstrated, via careful comparative measurements of contact angles, that the quasicrystalline surfaces behave much more like covalently bonded solids than like metals (i.e., the polarizability, which is characteristic of metal surfaces, is largely suppressed in the quasicrystals, as probed by these particular measurements).
What implication does this behavior have for chemical reactivity at the quasicrystalline surface? For instance, can the pseudogap be related to the low reactivity toward oxygen, and the reputed low reactivity toward other materials?
Addressing the oxidation resistance first, the data currently available suggest that, to a first approximation, the answer is "no." We believe that the oxidation resistance has less to do with the surface energy than with the chemical nature (i.e., the Al richness) of the samples with which we have worked. For the first studies of surface oxidation, [46] [47] [48] i-Al-Pd-Mn was chosen because, starting in the early 1990s, it could be grown in large, single-grain form. [49] [50] [51] Later studies have indicated, however, that oxidation phenomena on i-Al-Pd-Mn and i-Al-Cu-Fe are quite similar. 52, 53 Hence, the i-Al-Pd-Mn, although not commercially attractive because of its precious metal content, may serve as a useful model for understanding oxidation of the other Al-rich quasicrystalline alloys.
The basic finding has been that oxidation of the quasicrystalline surface, in pure oxygen or in dry air at room temperature, produces a thin, passivating layer of pure aluminum oxide, and that this accounts for the oxidation resistance of the material. [46] [47] [48] 54 This effect is illustrated by the X-ray photoelectron spectroscopy (XPS) data in Figure 3 . Water or humidity deepens the oxide layer, and attacks metals other than Al. 52, 53, 55 Oxidation at elevated temperatures appears to have a similar effect, 46, 48, 56 provided the oxygen pressure is high enough that the oxygen does not simply migrate into the bulk before it can nucleate at the surface. 57 These results were obtained primarily by XPS and Auger electron spectroscopy, although some data from low-energy electron diffraction are also available. Surface passivation by a pure, protective layer of aluminum oxide apparently occurs for other Al-rich alloys as well, such as the nickel aluminides. [58] [59] [60] [61] [62] Although the oxidation resistance of the quasicrystal is understood to be zero order, there may be a first-order effect that is, after all, unique to the quasicrystals. Comparative studies, both for Al-Pd-Mn and Al-Cu-Fe, suggest that the quasicrystals oxidize less readily than their crystalline analogs. 8, 52, 53 The quasicrystals appear to form layers of aluminum oxide that are thinner and purer than those formed by their crystalline counterparts. 52, 53 This difference requires further investigation, but it is interesting to speculate that it may have some relationship to the classic Mott-Cabrera mechanism of metal oxidation, in which the formation of an electric field across the metal-oxide interface controls the kinetics of oxidation. 63 Formation of the field could be affected by the pseudogap in the quasicrystal.
Another topic requiring further investigation is the spatial structure of the oxide layer on a microscopic scale. Techniques such as XPS provide no information in this regard. Scanning tunneling micrographs of air-oxidized i-Al-Cu-Fe indicate that the oxide formed at room temperature consists of small nodules, on the order of 10 Å wide and 5 Å high, arranged in a symmetry that may be related to the icosahedral nature of the substrate. 64 Again, however, this is a topic that begs for more work.
Addressing the reactivity toward other materials next, it seems that there are basically two paradigms. One is to think in terms of surface energies and contact angles, assuming that "sticking is a wetting problem; what wets sticks." 34 In this rather global approach, a low surface reactivity in general can be understood in terms of low surface energy. As already noted, the low surface energy can, in turn, be explained in terms of the pseudogap. However, surface roughness, such as that illustrated in Figure 1B or that described previously for an oxidized Bottom four rows: X-ray photoelectron spectra of the five-fold surface of i-Al-Pd-Mn, clean and oxidized under various conditions. Top four rows: spectra of the constituent elements, clean and oxidized under the same conditions as for the quasicrystal. 48 The peaks that develop at higher binding energy for Al and Mn in the top four rows (marked with arrows) signify oxidation of these elements. Comparison with the bottom four rows shows that Al in the quasicrystal oxidizes much as it would in the pure metal under these conditions, but the Mn is protected. Pd does not oxidize either in the pure metal, or in the quasicrystal under the same conditions. Reprinted with kind permission from Elsevier Science-NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands.
surface, may contribute to high contact angles as well. 34 And, in general, focussing on the surface energy may overlook the fact that different adsorbates can react differently with a surface. A second approach, more natural to a chemist, might be to examine the products of reaction of a quasicrystalline surface with individual molecules on a case-by-case basis, using the arsenal of modern surface spectroscopies. We have just begun this endeavor in our laboratory. Preliminary results suggest that the surface chemistry of small, covalently bonding molecules, such as CO or methanol, on i-Al-Pd-Mn is very similar to the chemistry that would be expected with a pure Al substrate. This is consistent with other studies, which show that the surface termination of a sputter-annealed surface is Al-rich. 65 Our studies of surface chemistry thus far, however, have been carried out on the clean surface only, prepared in UHV. One must always be cognizant of the presence and possible influence of the oxide layer in "real" applications (and in contact angle measurements). 35 In summary, this article has posed many questions, but only a few answers, and in so doing it has aptly reflected the current status of our understanding of quasicrystalline surfaces. This topic is important, exciting, and rapidly-moving, and more answers are sure to emerge soon.
